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SOME FLYING-QUALITIES STUDIES OF A TAKDBf HELICOPTER 

By Kenneth B. Amer 

An investigation of the  f lying  quali t ies of a t a n d e m  helicopter is 
under way t o  determine the applicabili ty and  adequacy of the flying- 
qualities  requirements of the Bureau o f  Aeronautics  Specification 
NAVAES SR-189 t o  t h i s  type o f  helicopter and to  provide information 
leading t o  flying-qualities improvement. The i n i t i a l  results presented 
herein  indicate  several  basic  differences between tandem and previously 
tested  single-rotor  helicopters. These resu l t s  also indicate  the tan- 
dem tes t   hel icopter  t o  have severa l .ob jec t ionable   f ly ing   Wl i t ies  i n  
forward f l i g h t  that w a r r a n t  detailed study of requlrement  applicability 
and also  study  leading to improvement. These results  Further  indicate 
the longitudinal-divergence  requirements of RAVAEEt a-189, which are 
based on the studies of the  normal-acceleration  characteristics of 
single-rotor  .helicopters reported in NACA TIi 1983, to be applfcable to 
tandem helicopters,  but  perhaps t o  need somewhat mare stringency. The 
presence of  an i n s t ab i l i t y  w i t h  speed, which appears t o  be a .basic . 
problem for the tandem helicopter, i e  the cause of this  uncertainty 
regarding increased  stringency. 

m e   i n i t i a l   r e s u l t s  also indicate the most 'effective means f o r  
improving the longitudinal  flying qualities t o  be a reduction in insta- 
b i l i t y  with  angle of  attack. The sources of the   ins tab i l i ty  and the 
factors   that  can  cause it to vary are discussed and a method is  pre- 
sented which gives promise of reducing this ins tab i l f ty  with l i t t l e  
weight penalty. 

Several  desirable  fields of future  investigation are recommended. 

INTRODUCTION 

During the past few years  the  Rational Advisory Committee f o r  
Aeronautics  has  been  studying  the flying qual i t ies  of  helfcopters i n  
order to s e t  up flylng-qualities s t a n d a r d s  and to determine mems f o r  
improvement. - I n  reference I, the  outstanding  flying-qualities  deficiency 
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encountered  in  helicopters  was  reported to be a tendency  to  diverge  in 
pitch  in  forward  flight. In reference 2, more  detailed  studies  were 
made on the  longitudinal  flying  qualities  of  several  single-rotor  heli- 
copters in forward  flight.  Based on these  studies,  reference 2 proposed 
tentative  longitudinal  flying-qualities  requirements  based on the 
normal-acceleration  characteristics  during a pull-up  maneuver in forward 
flight.  Reference 2 indlcates  that a helicopter  that  meets  these 
requirements  will  be  much  safer and less  fatiguing  to  the  pilot  than 
one  which  does  not. In reference 3, %he.  presence or  absence  in a heli- 
copter  of a divergent  ten5ency  in  pitch is referred to as  the  maneuver 
stability  of  the  helicopter  and  methods  for  improving the maneuver  sta- 
bility  are  discussed.  Reference 4, which  contains a set of general 
helicopter  flying-qualities  requirements,  incorporates  the  tentative 
requirements of referen-e 2. 

Inasmuch  as  the  requirements  of  reference 2 are  based on studies 
of  single-rotor  helicopters,  there  has  been some question  as  to  their 
applicability  and  adequacy  for  tandem  helicopters  which  have  grossly 
different values of  many  parameters. For example,  the moment of inertia 
in  pitch,  the  damping in pitch,  the  distance  of the pilot  forward  of 
the  center  of  gravity,  and  the  longitudinal  control  power  are  all 
likely to be  much  larger  for  tandem  helicopters  than  for  single-rotor 
helicopters. It should  also  be  noted  that very little  background 
material  has  been  published on the  other  requirements  of  reference 4. 
I n  particular,  although  the  lateral-directional flying qualities of 
single-rotor  helicopters  were  felt  to be satisfactory  enough so as  not' 
to need  early  investigation,  familiarization  flights  by NACA test  pilots 
in tandem  helicopters  indicated  that  the  lateral-directional  flying 
qualities of tandem  helicopters  were in need of study. Also,  because 
of the  basic  differences  between t a n d e m  and  single-rotor  helicopters, 
there  is some doubt  that  the  methods  proposed Fn reference 3 to  improve 
the  maneuver  stability  of  single-rotor  helicopters  would  be  adequate 
or  practical  for  tandem  helicopters. Thus, a study  of  the  flying  quali- 
ties of tandem  helicopters  was  initiated  for two purposes: to determine 
the  applicability  and  adequacy of the  longitudinal  and  lateral- 
directional  flying-qualities  requirements  of  reference 4 f o r  tandem 
helicopters and to provide  information  leading  to  the  improvement  of 
their  longitudinal  and  lateral-directional  flying  qualities.  This 
paper  presents  preliminary  results of the  longitudinal  phase of this 
investigation  and,  in  addikion,  suggests  one means for  improving  the 
maneuvering  stability  of  tandem  helicopters. 

The tandem  test  helicopter  is shown in figure 1. It has a normal 
gross weight  ofapproximately 7,000 pounds, and the two rotors  are  of 
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equal s i z e ,  each having a diameter of 41 fee t .  The horizontal and  twin 
ver t ica l   s tab i l izers  have areas of approximately 40 and W square feet, 
respectively. The helicopter has conventional pilot   controls:   st ick,  
rudder  pedals,  and  collective-pitch  lever.  Longitudinal  control i s  
achievedby a longitudinal motion of the stick,  which produces a com- 
bination  of  simultaneous  longitudinal  cyclic  pitch and di f fe ren t ia l  
collective  pitch,   the lat ter providing a large-magnitude  pitching 
moment. Lateral control is  achieved  by lateral motion of  the stick 
which causes  simultaneous lateral cyclic  pitch,  vhile  dfrectional con- 
t r o l  is  achfeved  by  use of the rudder pedals which causes  differential  
lateral cyclic  pitch. Movement of the  collective-pitch  control changes 
the  collective  pitch of both  rotors  simultaneously. The machine was 
equipped w i t h  .standard NACA recording  instruments  with  synchronized 
time scales   that  measured pitching  velocity,  control  position, and 
normal acceleration a t  the  pilots '   seats.   For the t a n d e m  helicopter 
with  the  pi lot   far  forward of the  center of  gravity, the normal accelera- 
t ion  at the p i lo t s '  seats may be significantly  different from the 
n o m 1  acceleration a t  the center of grarLty, which i s  the  quantity 
usually measured. For  flying-qualitfes studies, the normal accelera- 
t ion a t  the  pi lots '   seats  is considered  to be more significant.  

To a id   the   p i lo t  in  performing  the  desired  pull-up maneuvers, a 
mechanical  device  with adjustakle stops for limiting the longitudinal 
s t ick  t ravel  was installed.  - 

Q U A L I W I V E  RESULTS 

After the i r  f i r s t  famil iar izat ion  f l ights  in the test helicopter, 
the two project test pilots  both  reported the ship to have several 
objectionable flying qualit ies,   both.in  the  longitudinal and the lateral- 
directional  senses. The objectionable  flyfng qualities were primarily 
caused  by a lack of s t a b i l i t y  and the presence of untrimmed and e r ra t i c  
st ick  forces and were considered t o  confirm the need for  detailed  study 
of  requirement appl icsbi l i ty  and also study  leading to improvement. 
The directional  stabll i ty  characterist ics  particularly  bothered  the 
p i lo t s  because the  directional  control i s  re la t ively w e a k ,  being much 
less powerful  than the longitudinal  control, hence requiring  consider- 
able effort ' to  control  the  frequent  directional  deviations.  

It was f e l t  that the  lack of longi tudinal   s tabi l i ty  i s  8 basic 
rotor problem and, hence, of more general interest and worthy of earlier 
study  than  the  directional  stabil i ty  characterist ics which are f e l t  t o  
be more of a %elage-stabilety and weak-control problem.  Thus, the 
subsequent flights were devoted primarily to taking  records of pull-up 
maneuvers, which are consid.ered by the  pi lots  to be a sui table  index of 
the longitudinal  characteristics i n  normal flight. During n o m 1  flight 
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a t  a l l  the fliat conditions a t  which pull-ups were measured, the 
pilots   objected  to  the st ick  forces  and t o  an ins tab i l i ty  w i t h  speed. 
However, this preliminary  paper deals mainly w i t h  stick-fixed  longi- 
tud ina l   s tab i l i ty  a t  substantially  constant speed. 

Pull-up  time-history measurements were taken a t  three  different 
flight conditions, a l l  a t  an indicated  airspeed of about 70 knots, 
which is approxjmately the cruising  speed of the test helicopter. The 
three flight conditions w i l l  be referred  to  as conditions A, B, and C, 
and the measurements are presented i n  figures 2 t o  4, respectively. 
Flight  condition A is  level  flight with center  of graHty ne= the rear- 
w a r d  limit (approximately midway between the rotors). Flight condi- 
t ion B i s  level fl ight  with  center of gravity t o w a r d  the forward limit. 
Flight  condition C q.s w i t h  center-of-gravity  position the same as fo r  
flight condition B but w i t h  engine power about one-half the value f o r  
leve l   f l igh t .  The t r i m  rate ofdescent  for,  condition C was approxi- 
mately 1,100 feet per  minute.  Flight  condition A was.planned t o  have 
the  worst maneuver s t ab i l i t y  and hence ,it was set at 8 re lat ively high 
a l t i tude   to   insure  a thrust coefficient  equal to or higher than the 
t h r u s t  coefficient for the other  conditions inasmuch as reduced thrust 
coefficient was expected t0 be faVOr8ble. The thrust coefficient  for 
flight condition A came ou t   t o  be about 5 percent  higher  than for the 
other  flight-conditions. 

Fl ight  Condition A 

Normal acceleration. - To clarify this and the subsequent-normal- 
acceleration time histories,  faired l ines  have  been drawn from the 
start of  the records t o  the time when control  recovery i s  ini t ia ted.  
The normal-acceleration time h3story  appears  undesirable in nature in  
showing no tendency t o  reach a constant  or maximum value. A8  pointed 
out i n  reference 2, a divergent  tendency i n  the normal acceleration 
would be  expected t o  cause  adverse p i l o t  hpressions. Also t o  be  noted 
is a slight pause in the development of normal acceleration  following 
the   in i t ia l   rap id  rise st the time of  control  displacement. 

Pitching  velocitx.- The pitching-velocitg  record shows that maximum 
angular  acceleration i s  achieved  quickly  following  control  displacement 
but that. l i t t l e  o r  no tendency t o  reach a constant value of pitching 
velocity  exists.  In fac t ,   a f te r  the i n i t i a l  concavity downward, there 

appears t o  be a slight concave upward tendency starting  about 15 seconds 
after the s t a r t  of 'the maneuver. As pointed out i n  reference 2, the 
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attainmen< of an approximately constant angular velocity is  basical ly  
what i s  expected  from a fixed  control  displacement. 

P i l o t ' s  comments.- The p i lo t   repor ted   the   a i rc raf t  to have an 
objectionable  divergence  in  pitch a t  t h i s  condition. The divergence was 
of less concern to the   p i lo t  than tlie divergence  of helicopter A of 
reference 2, a t  least pa r t ly  because of the more powerful  control avail- 
able f o r  recovery in  the test  helicopter. T h e  divergence in  norm81 
acceleration was more noticeable t o  the p i l o t  than the  divergence in 
pitching  velocity. 

Flight  Condition B 

Normal acceleration.- The normal-acceleration curve shows a 
definite tendency to reach a peak, becoming concave downward a t  approxi- 
mately 2 seconds after the s " t  of the maneuver. However, the peak 
acceleration is  not quite reached a t  the time of  'kcovery, which is more  
than 4 seconds after the start of the maneuver. The short  pause i n  the 
development of normal acceleration following t he   i n i t i a l   r ap id  rise is  
again  evident. (The normal-acceleration record has less high  frequency 
motion than t h a t  of fig. 2 because a different  accelerometer of lower 
natural  frequency was used.) 

Pitching ve1ocitX.- The maximum angular acceleration is  agab 
reached  quickly following control  displacement. The pftching  velocity . 
shows a very slow tendency to reach a peak. It again shows the reversal  

i n  curvature at  about 1-1 seconds a f t e r   t h e  start of the maneuver, but 

t he  curve becomes concave downward again a t  about 3 seconds after the 
start of the maneuver. 

2 

. P i l o t s '  comments.- Both test p i l o t s  f l e w  the  helicopter i n  this 
flight condition, and they  both  considered i t - t o  have objectionable 
divergence in pitch.  The p i l o t  who had flown i n  flight condition A 
reported the divergence to be less objectionable than f o r   t h a t  flight 
condition. 

Flight  Condition C 

Normal acceleration.- The time history of normal acceleration 
shows a  very  strong  early  tendency to  peak, becoming concave downward 
less than 1 seconds after the start of the maneuver and reaching a 

peak a t  about % seconds after the start  of the maneuver. The slight 

3 
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pause in  the development of the liormal acceleration  following the 
i n i t i a l   r a p i d  rise is again  evicent. 
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Pitching  velocity.- The maximum angular  acceleration is  again 
reached  quickly  following  control  displacement. The pitching  velocity, 
like the normal acceleration, shows a strong  early  tendency t o  peak 
although a slight upward curvature  exists from about 2 t o  about 

% seconds af ter   the  s t a r t  of the maneuver. 1 

Pi lo ts '  comments.- The two t e s t   p i l o t s  also flew  the  helixopter  in 
this flight condition, and they  both  considered it t o  have satisfactory 
maneuver s tab i l i ty .  They were s t i l l  not fully satisfied  with  the  longi- 
tudinal  flying  qualities, however, because of the  undesirable  stick 
forces and the  instabil i ty  with speed. 

The slight pause in  the development of normal acceleration fo l -  
lowing the  ini t fa l   rapid rise was not considered  objectionable. 

DISCUSSION 

Comparison  Between Pi lo ts  * Opinions and Flying- 

Qualities Requirements  of  Reference 2 

Wording of  divergence  requirement.- The divergence  requirement of 
reference 2, which is  based on studies  of-single-rotor  helicopters, i s  
worded as followst 

When-the longitudinal control s t i ck  is suddenly displaced  rear- 
w a r d  1 inch from t r i m  (while in leve l   f l igh t  a t  the m a x i m u m  
placard  speed) and held fixed a t  t h i s  displacement,  the time 
history of normal acceleration  shall become concave downward 
within 2 seconds following  the start of the maneuver. 

The requirement is f o r  maximum placard  speed  because t h i s  speed i s  
l ike ly  to be most c r i t i ca l .  Reference 4 requires  the  test  t o  be made 
a t   severa l  forward speeds. The tests  reported  herein were made near 
cruising  speed  for convenience, but the actual  speed chosen is considered 
to-be of  secondae importance f o r  comparison o f  the p i lo t s '  opinions 
with the requirement; 

Flfght  condition A . -  The normal-acceleratlon t i m e  history of f l i g h t  
condition A fails  to  meet the  requirements of reference 2 Fn tha t  it i s  

1 

not  even concave downward a t  the time o f  rszovery, which i s  % seconds 
af ter   the   e tar t  of the maneuver. Thus, the  requirement  applies i n  t h i s  
caae i n  that   the test helicopter does not meet the  requirement and i t s  
longitudinal  divergence i s  objectionable to   the   p i lo t .  . ' 



. 
Flight  condition B.- The normal-acceleration time history of  

f l ight  condition B barely meets the  requirements of reference 2 in tha t  
it becomes concave d o w n w a r d  a t  about 2 -seconds after the start of the 
maneuver. Thus, the   fac t  that the p i l o t s  considered the helicopter to 
have objectionable  longitudinal  divergence a t  this flight condition 
inafcates that the requirement of reference 2 did not  apply i n  t h i s  
intermediate  condition. As i s  explained  subsequently, it i s  not   yet  
c lear  that this  discrepancy calls f o r  a change i n  t he  requirement. 

Flight  condition C.-  The normal-acceleration time history of  f l i g h t  
condition C eas i ly  meets the  dlvergence requirement of reference 2 in 
that it i s  concave downward fn less than 1 seconds after the start of 

the maneuver. Thus, the requirement  applies i n  this case i n  that   the  
maneuver s t a b i l i t y  is  satisfactory  both  according to the  requirement 
and according to the pilots '   opinions.  

3 

Applicability of divergence  requirement t o  tandem helicopters .- 
This comparison between the  divergence  requirement of reference 2 and 
the  pilots '   opinions indicates the  requirement t o  be applicable i n  
general t o  tanden.helicopters wi.th the* grossly different  parameters. 

Reasons f o r  p i l o t s '  comments on condition 3.- Inasmuch 8s the 
pilot8 objected to the character is t ics  of the pull-up of figure 3 but 
considered  the  pull-up of figure 4 t o  be satisfactory,  comparison 
between the two figures should  provide some clue  to   the  character is t ics  
of figure 3 which bothered the p i lo t s .  One difference between f ig-  
ures 3 and 4 is  the  difference in the time for the no&-acceleration 
time h i s t o w  to become concave downward.  However, according t o  refer- 
ence 2 a time interval of 2 seconds between the start of the maneuver 
axid the start  of the downward concavity as ex i s t s  in figure 3 is  
~ O ~ l l Y  sa t isfactory to t he  hilots.  Thus, some other   chamcterb t ic  
i e  probably  responsible. 

It i s  likely that  the p i l o t s  ob3ected to the normal-acceleration 
time history  of figure 3 even though it becomes concave downward a t  
about 2 seconds  because of the long time t o  reach a peak. Bote the 
much shorter the t o  peak in figure 4. Reference 2 i n d i c a k s   t h a t  f o r  
single-rotor helicopters, when the normal acceleration i s  concave down- 
ward by 2 seconds, the  peak follows soon after. In f i w e  5 is presented 
a pull-up maneuver time his tory f o r  one of the single-rotor  helicopters . 
of reference 2. Note that the peak  follows  the downward concavity  by 
about 1 second. Apparently, there i s  some fac tor  which allows the test 
tandem helicopter in flight conat ion  B t o  meet the requirement and 
st i l l  take a long time $0 pesk.  Possible  factors  involved are discussed 
i n  the  section ent i t led "Factors  Affecting Maneuver Stabi l i ty ."  
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Another possible cause for  the  pilots. '   dissatisfaction  with  the 
pull-up of figure 3 may be  the  long time interval  for  the  pitching 
velocity  Wapproach a peak. In figure 4, the  pitching  velocity becomes 
almost f l a t  about 15 seconds a f te r   the   s ta r t  of the maneuver. The 
reversal  in  curvature o f  the  pitching-velocity  record  of  figure  &-ad 
not  bother  the  pilots,  although it i s  possible that the  reversal   in 
curvature  in  figure 3 may have accentuated  the  undesirability of  the 
long  time  interval  tu-approach a peak.  For  the  single-rotor  helicopters 
studied  in  reference 2, desirable  pitching-velocity  characteristics 
were reached more readily  than desirable normal-acceleration  character- 
i s t i c s .  Note in   f igure 5 that  the  pitching  velocity becomes  cozlcave 
downward  more rapidly  than  the normal acceleration. Hence, the  require- 
ment based on normal acceleration was suff ic ient   to  insure f a i r l y  satis- 
fac tory   weuver   s tab i l i ty .   F igure  3 indicates  that ,   for tandem hel i -  
copters,  the  presence of normal-acceleration  characteristics t h a t  meet 
the  divergence  requirement  does  not  necessarily insure desirable 
pitching-velocity  characteristic- Poss ib l e  reasons for   th i s   s i tua t ion  
are also discussed in  the  section  entitled  "Factors  Affecting Maneuver 
Stabi l i ty .  " 

1 

' .  

It i s  considered  that, between the two possible  causes  for the 
pilot-dissatisfaction, the long time to-peak of the normal acceleration 
of figure 3 1s more l ike ly   to  be the primary factor  bothering  the 
pi lots ,  inasmuch as it i s  known tha t ' p i lo t s  are more sensit ive  to 
normal-acceleration  changes  than to  pitching-velocity changes. 

Alternate form of divergence  requirement.-  Reference 2 presents an 
alternate form of. the divergence  requirement, the fulf'illment of which 
is  considered t o  require simpler  instrumentatidn and less judgment. , 

This alternate form is  worded a8 follows: 

When a disturbance i s  produced by displacing  the  longitudinal 
control.  stick  rearward 1/2 inch from trim f o r  1/2 second  and  then 
returning  to trim asd holding  the trim setting,  the  following 
qual i t ies   shal l  be  demonstrated: (I) The value of normal accelera- 
t ion g shall  not  increase by more than 1/4g (total, l l g  within 
10 seconds .from the start of  the  disturbance; and (2) during the 
subsequent nose-down motion (with controls s t i l l  fixed a t  trim), 
the  value a f  accelerat ion  shal l   not   fa l l  below 3/4g within 10 sec- 
onds, the 10 seconds  being measured from the time of' i n i t i a l   r e tu rn  

d 

to 1 g. 

Several  attempts were made to  check the applicabili ty of t h i s  form 
of the  divergence  requirement to the test  t a n 3 @ m  helicopter. IIowever, 
i n  almost  every  case,  because of a lar$e nose-up at t i tude,   the   pi lot  
f e l t  it necessary t o  apply  recovery  control  before  the  stated  time 

. .  



intervals w e r e  reached and without a change in  "g" i n  excess. of the 
stated  requirements. Examhation of the problem indicated  that   the 
large nose-up a t t i tude  was apparently  caused by the   instabi l i ty   with 
speed and the associated  speed  reduction. Thus, it appears  necessary 
to remove the  Fnstability  with speed before the appl icabi l i ty  of this 
form o f  the divergence  requirement  can  be  checked. 

"Anticipation" requirement. - An additional longftudinal flying- 
qualities  requirement is proposed in reference 2 aimed at  reduchg  the 
d i f f icu l ty  of anticipating  the results of a  control  &flection. This 
requirement is wo&d as  follows: 

When the  longitudinal control :stick i s  suddenly displaced 
rearward 1 inch f r o m  tr im  (while  in  level flight at  the maximum 
placard speed) and held fixed a t  this displacement, the time 
history of normal acceleration should preferably be concave down- 
w a r d  throughout  the  period between the start of the maneuver and 
the  attainment of maximum acceleration, and, In any event, the 
slope of the normal-acceleration  curve must remain posit ive from 
the start of the maneuver until the maxhum acceleration is  
approached. 

9 

In  fliat condition C y  which was satisfactory t o  the p i l o t s  from 
a divergence  standpoint, a short  pause i n  the development of normal 
acceleration of 0 .I to 0.2 second after the i n i t i a l   r a p i d  rise is  
evfdent. As mentioned previously, the p i lo t s  did not object t o  this 
short development pause, which agrees w i t h  the indication in refer- 
ence 3 t ha t  the pause does not h&ve t0 be completely  eliminated t o  make 
it acceptable, rather than minimized to 0.1 to 0.2 second length. It is  
significant  that ,  a t  l e a s t   f o r  the condition  tested,  there i s  no pause 
problem f o r  the t a n d e m  helicopter even though such a problem m i g h t  be 
expected  because of the large  distance of the p i l o t s  forward of the 
center of gravity. 

Factors  Affecting Maneuver S tab i l i t y  

Significant  stabil i ty  derivatives.-  Reference 3 indicates that 
the two stabi l i ty   der ivat ives  that have the greatest   effect  on the 
pul l -up  char8cter is t -L~~ and  hence on the maneuver s t a b i l i t y  of a heli- 
copter are angle-of-attack  stabil-lty and dsmping in  pitch.  An increase 
of either  of these quantit ies improves the maneuver s t ab i l i t y .  

sidered to af fec t  maneuver s t ab i l i t y ,  it would seem desirable t o  
r e e x m e  this poss ib i l i t y   fo r ' t he  test helicopter which is noticeably 
unstable   in   this  regexd. Inasmuch as  significant speed  changes do not 
occw  unt i l   several  seconds after the start of a pull-up maneuver, only 
t he   l a t t e r   pa r t s  of the pull-ups of  figures 2 t o  4 could  be  affected  by 
the, ins tab i l l ty   wi th  speed of the test helicopter. 

. Although variations in s t a b i l i t y  w i t h  speed were not  previously con- 
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.The tandem helicopter  has a large amount of damping in   pi tch,   in  
addition  to the damping of  the individual  rotors, produced by the  fore- 
and-af't dispositfon of the two rotors. A nos'e-up pitching  velocity, 
fo r  example, reduces the angle of attack and thrust  of  the  front  rotor 
and increases  these  values  for the rear rotor,  thus  pmduchg a nose- 
do-xn ?itching moment. Calculations-  indicate that, for  the test heli-  
copter in cruising flight, the damping produced by the fore-and-aft 
disposition of the two rotors i s  of the order of twenty times the 
danrpfng produced  by the  individual  rotors. It is  therefore concluded 
t h a t  the objectionable  longitudinal  divergence i n  flight condition A 
reported by the   p i lo t  i s  caused  primarily by an instabil i ty  with angle 
of  attack, and possibly  in  addition,  in the later stages of the maneuver, 
by an ins tab i l i ty  with speed. In flight condition B, an ins tab i l i ty  
w i t h  speed may have  produced nose-up moments during  the latter pa r t  of 
figure 3, causing the long t i m e  t o  peak in spite of t h e  downward con- 
cavity i n  normal acceleration at about 2 seconds,  and  hence, may be 
responsible  for  the  inapplicability of the  reqarement. If so, inas- 
much as positive speed stability i s  now generally  required  in i t s  own 
r ight  (see references 4 and 5 ) ,  no change in  the maneuver requirement 
would actually be necessary. 

Sources of angle-of-attack  instkbi1ity.- The rotors and the fuse- 
lage can both  contribute t o  angle-of-attack  instabiliQ. The unstable 
moment contributed  by the rotors i s  thought to be due to three sources. 
F i r s t ly ,  the individual  rotors are each  unstable with angle of  at tack 
jus t  as is the  rotor of a single-rotor machine, as indicated i n  refer- 
ence 1. Secondly, measurements indicate  that the rear rotor i s  set a t  
a higher  collective-pitch  angle than the front  rotor  during steady 
flight, apparently  because it is i n  the downwash of the  front rotor. 
Even dur ing  the pull-up maneuver par t  of this  difference i n  collective 
pitch s t i l l  exis ts .  Thus, the rear rotor  can be thought of as being in  
more of a climb condition than the  front  rotor.  As indicated i n  refer-  
ence 6, an increase in ra t e  of climb increases  the  tendency of  a rotor 
to encounter  retreating-blade t ip  stall ing.   Calculations  indicate  the 
test helicopter, like most helicopters,  to be close to retreating- 
blade s t a l l i ng  during  cruising  flight. Thus, during the pull-up 
maneuver, there may ,.be a tendency f o r  the rear rotor t o  stall first and 
hence  add t o  the angle-of-attack  instability by a reduction in i t s  l i f t  
slope.  Thirdly, the operation of  the rear ro tor   in  the downwash f i e l d  
of the front rotor  produces  another source of Fnstability, similar t o  
the loss in  effectiveness of  the  hori-zontal  s'tabilizer  of an airplane 
when operating  in the wing-downwash f ie ld .  When the  helicopter angle 
of attack is increased, the rear-rotor  angle of attack, and hence the 
rear-rotor thrust, increases less than  the angle of attack and thrust- 
of the f r o n t  rotor, because of the  increased downwash angle from the 
f ront  rotor. 
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Wind-tunnel tests presented in reference 7 of a m o d e l  of  the test 
helicopter  without  rotors  inaicate the fuselage  with  stabilizers 
attached to be approximately  neutralsy stable wiwi angle of attack. 
The horizontal   stabil izer may be less effective in  flight than hdf- 
cated in   the  wind-tunnel tests because it is operating i n  the downwash 
of  the  rotors,  thus  causing  the  fuselage-stabilizer  combination to con- 
t r ibu te  some angle-of-attack  instability. Eowever, calculations ins- 
ca te   tha t   th i s  loss fn stabilizer effectiveness is only about 15 percent 
and is  not  large enough t o  be the major  cause af the angle-of-attack 
ins tab i l i ty .  TBUS, it i s  concluded that the rotor system is the   mJor  
source of  the angle-of-attack instability. 

Causes of variations in angle-of-attack  stability among the three 
flibt conditions.- It seems probable that the forward movement of  the 
center of gravity and the  reduction Fn th rus t  coefficfent in going 
f r o m  flight condition A to.fl ight condition B shortened  the time to 
downward concavity in the normal-acceleration time history  by  causing 
a reduction i n  angle-of-attack  instability. A forward sh i f t  i n  the 
center  of  gravity is thought t o  reduce  the  angle-of-attack  instability 
in two ways. F i r s t ly ,  forward movement is desirable, just as in  the 
fixed-wing  airplane, t o  get the center of gravity  forward  of  the  aero- 
dynamic center  of  the machine. Secondly,  forward movement of  the . 
center of gravity  unloads  the Tear rotor  and hence  reduces  rear-rotor 
stalling,  thus  preventing  reduction  in i t s  lift slope. T ~ E  reduction 
in thrust coefficient i n  going f r o m - f i g u r e  3 to f igure 4 is probably 
also helpful  because it reduces  rear-rotor  stalling. 

The improvement i n  maneuver s t a b i l f t y   i n  going from flight condi- 
t i on  B to the reduced-power .flight condition C is also at t r ibuted to 8. 

large improvement in  apgle-of-attack  stability. A reduction i n  power 
with  the  resulting rate of descent is thought to Fmpmve the  angle-of- 
a t tack   ins tab i l i ty  in three ways. F i r s t l y ,  as indicated  in  reference 8, 
a reduct-Ion i n  power reduces the angle-of-attack  instability of the 
individual  rotors. Secondly, as mentioned previously,  referenc 1= 
indicates an increasing rate of descent to reduce the tendency 01 U 

rotor  toward retreating-blade  t ip  stall ing.  Thus, the  &letability 
contribution  caused ,.by rear-rotor  stall ing is reduced  by  reducing  pover. 
The third source of improvement i n  angle-.of-atbck stability w i t h  
reduced power i s  thought t o  be a nonunifomity  of  flow  angle  through 
the front-rotor downwash field. Vertical traverse measurements of 
downwash angle  behind a rotor presented in reference 9 €ndicate, i n  
general, a maximum value of downwash angle i n  approximately the m i d d l e  
o f  the  rotor wake. Thus ,  during  steady  level  flight, when the rear 
rotor  azid horizontal   s tabi l izer  are d o v e  the center of the  front-rotor 
w a k e ,  they w i l l  approach the center of  the wake during  the  pull-up 

down aoment contributed by the  rear   rotor  and horizontal   stabil izer,  
w i l l  therefore be reduced below the  values that would occur if the  front-  
rotor  downwash w e r e  uniform. Similarly,  during a pull-up f r o m  a 

. maneuver. The angle of attack and l i f t  increase, and hence  the.nose- 
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partial-power  descent condition; the  rear  rotor  and  horizontal  stabi- 
lizer  move  'out of the  front-rotor wake, thus  experiencing  less of a 
downwash  increase  than normal. 

The  nonuniformity of the  front-rotor  dowarash  angle may also  be 
the  cause of a nonlinearity  in  the  angle-of-attack  stability.  Any 
change  in the variation  of  downwash  angle  with  vertical  distance  would 
result  in  a.change  in  slope of moment  against  angle  of  attack. As 
indicated  in  the  vertical-dawnwash  traverses  of  reference 9, such 
changes  in  downwash-angle  variation  with  vertical  distance  do  exist. 
Such a nonlinearity  could also be  caused  by  rear-rotor  stalling.  The 
importance of such a nonlinearity  is now discussed. 

Effects  of  Downwash  and  Stalling on Factors 

Appreciated  by  the  Pilots 

It was previously  stated  that  the  pilots'  dissatisfaction  with 
the  characteristics  of  the  helicopter  in  flight  cond'ltion B was probably 
due to one of two causes:  either  the long the to  peak of the normal 
acceleration  and  pitching  velocity of flight  condition B in spite-of 
the  downward  concavity in normal acceleration  at  about 2 seconds  after 
the  start of the  maneuver,  or nom-acceleration characteristics  that 
meet  the  divergence  requirement  not  insuring  desirable  pitching-velocity 
characteristics. The instability  with  speed was given  as  one  possible 
cause  for  the long time  to peak. A nonlinearity in angle-of-attack 
stability  such  that  the  instability  increased w l t h  increashg angle of 
attack,  as  could be caused  by  either  downwash or stalling effects, 
could  have a similar  consequence.  These  stalling  and  downwash  effects 
may also be  preventing  desirable  normal-acceleration  characteristics 
from  insuring  desirable  pitching-velocity  characteristics  in  that,  if 
the  rear-rotor  thrust  does  not  build up in a linear manner  during  the 
pull-up  maneuver, the result  would be a tendency  for  the normal accelera- 
tion to become  concave downward because of the  reduction  in  lift slope 
but for the pitching  velocity to continue to increase. 

In order to improve the maneuver stability of the  tandem  heli- 
copter  in  level  flight, on the  basis of the  previous  discusaion of test 
results,  first  consideration  should  be  given to reducing the angle-of- 
attack  instability. An increase  in  the  size  of  the  horizontal  tail 
surface  is  one  possibility,  but  such an increase  involves a weight 
penalty. 'In reference 10, successful  stabilization of a helicopter 
somewhat similar to the  test  machine by use of an automatic  piloteis 

L 

! 
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reported. However, assuming that an autopilot i s  used, it seems to be 
generally  agreed  by  the regulatory agencies thet the inherent stability 
qP the helicopter  should  be  satisfactory in consideration of autopilot 
fa i lure   poss ib i l i t i es .  One method fo r  reducing' the inherent  angle-of- 
a t tack   ins tab i l i ty  of the tandem helicopter which appears t o  involve 
l i t t l e  weight  penalty has been devised and subjected t o  theoretical  
analysis. T h i s  method consists of reducing the slope of the l i f t  curve 
of the front  r o t o r  w i t h  respect t o  the rear rotor  by means of a 
in the  flapping  hinges of the front  rotor.  (See appendix A f o r  de in i t ion  
of 83 angle.) Such a linkage  reduces blade pi tch when the flapping , 

angle is increased. With positfve 83 on the front  rotor,  and  zero or  
BODE small negative 63 on the rear rotor,  a large increment in angle- 
of-at tack  s tabi l i ty  can  be  produced. This increment in  s t a b i l i t y  comes 
about as follows: When the  helicopter  angle of attack i s  increased, 
the  thrust  on both ro tors  i s  increased, causing an increase in  rotor- 
blade coning  angle. Because of the   different ia l  83, -the collective 
pi tch on the front  rotor w i l l  be reduced below I t s  trim value while 
the collective  pitch on the rear rotor  w i l l  remain the same, o r  be 
increased somewhat.  The r e s u l t   i s - a  nose-down, and hence stabil izing, 
pitching moment. I n  appendix B sample calculations on the amount of 
angle-of-attack  stabil i ty that can be produced by t h i s  di f fe ren t ia l  83 
are  presented. These sample calculations  indicate that, far the test 
helicopter, the equivalent of approximately 80 square feet of tail 
surface  area can be obtained. There is  also scrme discussion i n  
appendix B of other   effects   cahed  by this d i f fe ren t ia l  83 c o n f i v a -  
t ion which should  be  considered fn ita developmznt. 

The undesirable  stick  forces  objected t o  by the pi lo t6  8re appar- 
ent ly  due to  forces  fed i n  by the rotors and to an ' interact ion of the 
controls.  Reference 1 reconnnends the use of substantially  irreversible 
control systems to prevent  rotor  forces from reaching the contmls,  
with the desired  feel  forces  introduced a t  the p i l o t ' s  side of the 
irreversible  mechanism. Such irreversible  control  system^ could also 
prevent  the  objectionable  control  interaction. 

Irreversible  control systems  could also have ancrther desirable 
effect.  Control-position  pickups  located a t   t he   ro to r  hubs of the  test 
helicopter  indicate the poss ib i l i ty  of cable  stretch  during  the pull-up 
maneuver, resul t ing in movement of the rptor swash plates  such 8s t0 
cause nose" pitching moments on the  helicopter. If the i r revers ible  
uni t  i s  located ne= the rotor hub, it would prevent rotor forces fmm 
reaching  and  stretching  the  control  cables. 
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The pre1fmimz-y results presented  herein  indicate  the  desirability 
of  several  future fields of investigation. A more thorough  check of 
the  applicabili ty of the  maneuver-stsbility  requirements of  reference 2 
appears  desirable.  This check could  conveniently  be made by varying 
the maneuver s t a b i l i t y b y  varying  the  rate  of  descent. A s  part  of  t h i s  
check, the cause f o r  the  posszble need for  increased  stringency of the 
requirement  should be investigated. A s  mentioned  previously,  perhaps 
removal of the  instabil i ty  with speed i s  a l l  tha t  is necessary to  make 
the  requirement  adequate. Inasmuch as  the  requirement of  reference 2 is  
based on studies of  helicopters  with  positive  speed  stability, and inas- 
much as  posit ive speed s t ab i l i t y  is now generally  required, it would 
appear  desirable to eliminate  the  instability of the test   hel icopter  
with speed before  proceeding  with  the more thorough check of these 
requirements. If elimination of the  instabil i ty  with speed fails t o  
make the requirement  adequate, it may be  necessary t o  add a requirement, 
perhaps on the time t o  maximum acceleration o r  on some characterist ics 
o f  the  pitching  velocity. 

Another desirable   f ie ld  of investigation  appears  to be a more 
thorough  study of the  causes of angle-of-attack  instability of tandem 
helicopters, such as   the  s ta l l ing .and downwash effects.  This  study 
should.determine which combination  of f l i g h t  condFt3ons i s  most c r i t i c a l  
and m i g h t  also  provide  clues f o r  other means t o  remove the  angle-of- 
attack  instabil i ty.   For example, the  apparently  Favorable  effects o f  
forward  center-of-gravity mvement appear to warrant  further  invest-f- 
gation. Such a s t u d y  of the  causes of angle-of-attack  instability 
might also  provide a means fo r  developing a theoretical  method for 
predicting the angle-of-sttack  stability of tandem helicopters. 

The instabil i ty  with speed of the test  helicopter  appears  to be a 
basic problem fQr the tandem configuration.  Flow-angle changes a t  the 
rear   rotor  due to changes in  the  front-rotor downwash with  forward 
speed are suspected  as  being a major  source of th i s   ins tab i l i ty .  The 
downwash studies  suggested i n  the previous  paragraph m i g h t  also  provide 
significant  information on this   subject .  

c 

? 

The lateral-directional  f lying qualities of tandem helicopters 
also  appear  to  warrant more thornugh  study. Such an investigation 
shoul2 aim at  determining  the adequacy of the  lateral-dikectional 
flying-qualities  requirements of reference 4 and  providing  information 
leading to  improvement. 



NACA RM L 5 m a  15 

An investigation  of  the flyfng qualities  of a t a n d e m  helicopter 
has  been  undertaken.  Initial  results  indicate the test  helicopter to 
have  several  objectionable  flying  qualities  in  forward flight that 
warrant  study  leading to improvement.  The  results also indicate the 
maneuver-stability  requirement of NACA m7 1983, which  is  based on 
studies of single-rotor  helicopters, to be  applicable to tandem heli- 
copters,  bCt  perhaps to need ~ o m e  modification,  inasmuch  as f o r  one 
intermediate  condition,  the  pilots  objected to a divergent  tendency  in 
pitch  even  though  the  requirement was met.  This  possible  need  for 
greater stringency may be due to an instability  with  speed,  perhaps to 
a nonlinearity  in  angle-of-attack  stability, or perhaps,  unlike  the 
situation  for the single-rotor  helicopters  tested  previously, to the 
failure of satisfactory  normal-acceleration  characteristics to insure 
satisfactory  pitching-velocity  characteristics.  If  instability  with 
speed  is  the  cause, no increase h stringency  is  actually  necessary 
inasmuch as positive  speed  stability  is now generally  required i n  its 
own right. 

The initial  results  also  indicate  the  primary  flying-qualities 
difficulty,  longitudfnally, to be an instabilitg  with  angle of attack 
caused  by the rotors. The instability  is  reduced by a combination of 
forward  center-of-gravity  movement and reduction in thrust  coefficient 
and  even  more by a reduction in power  (increased  rate  of  descent), 
causing a corresponding improvement in longitudinal  flying  qualities. 

A method  is  presented  to  add  stability  with  angle of attack in 
order to help make the  longitudinal flying qualitiee  satisfactory  at 
all flight  conditions. The method,  which  appears to involve  little 
weight  penalty,  Consists of reducfng  the  lift-curve slope of  the fmnt 
rotor  with  respect to the  rear  rotor by use  of a 63 angle in the 
flapping  hinges of the  front  rotor. 

The initial  results  indicate  the  desirability  of  several  future 
investigations. A more thorough check of the  applicability of the 
maneuver-stability  requirement of XACA TN 1983 appears  desirable, 
after  first  eliminating the instability  with  speed of the  test  helfcopter. 
A more  thomugh,investigation of the causes of  angle-of-attack 
instability  and  instability  with  speed  of  tandem  helfcopters and a more 
thorough  study  of  their  lateral-directional flying qualities also 
appear  desirable. 

'Langley  Aeronautical  Laboratory 
National  Advisory  Committee  for  Aeronautics 

Langley  Field,  Va. 
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SYMBOLS 

, Physical  Quantities 

number of  blades per  rotor 

radial distance  to  blade  element, feet 

blade radius, feet  

blade-section  chord, feet 

equivalent  blade  chord (on thrust basis), feet fj::) 
rotor  Solidity  (bce/fl) 

blade-section  pitch  angle;  angle between l i n e   o f z e r o  lift of 
blade  section and plane  perpendicular t o  axis of no 
feathering,  radians 

mass moment of i ne r t i a  of blade about  flapping  hinge, 
slug-f eet 2 

IIBSB density of air, slugs per  cubic  foot 

mass constant of rotdr blade, expresses r a t i o  o f  air forces 

to mass forces cpaE I1 ( " / >  
angle i n  plane of rotation between perpendicular t o  blade- 

span axis and flapping-hinge axis, positive when an increase 
i n  flapping  produces a decrease in blade  pitch 

area of horizontal  stabilizer 

distance between rotors' 

- j  

i 

. 
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Air-Flow Parameters' 

17 

V true airspeed of he l icopter   dong flight path, feet per 
second 

n rotor angular velocity, radfans Fer  second 

a rotor  angle of attack;  angle between relative w i n d  and. plane 
perpendicular to axis of no feathering,  positive when axis 
is pointing rearward, radians 

OLt s tab i l izer  angle of a t tack  

t ip-speed  ratio assumed equal to ") 
Aerodynamic Characteristics 

a slope of curve of sect ion lift coefficient  against  section 
angle of  attack, per radian 

L t '  s t ab i l i ze r  l i f t ,  pounds 

CLt . s t ab i l i ze r  lift coefficient 
($%) 

T rotor   thrust ,  colqponent of ro tor  resultant force   para l le l  t o  
exis of no feathering, pounds 

CT rotor thrubt  coefficient 

Rotor-Blade Motion 

B blade flapping  angle a t  particular azimuth position, radians 

Bo constant term In Fourier series that expresses j3; therefore, 
ro tor  coning eagle 
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A increment 

Miscellaneous 

NACA RE4 L5lH20a 

k,b functions of p given in reference 10; subscripts a 
and b represent  numbere usedto identify a particular 
Function 

Subscripts 

f front r o t o r  

r rear rotor 
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ANALYSIS OF TAIVDEM HELICOPTER AN~-oF-A!Pl!ACK 

In order to obtain the order of magnit- of the change in  angle- 
of-attack stability provided by different amounts of 
front and rear rotors,   the following shp l i fy ing   a s smp  2 ions angle are On made: the 

(1) Fuselage and horizontal   s tabi l izer  combined pitching moments 
are equal to  zero. 

(2) Flapping  hinges are on the rotor  shaft. 

(3) The trim values of thrust on the two rotors  are equal; thus, 
the  center of gravity lies on the midpoint between the tr lm  posit ions 
of  the two thrust vectors. 

(4) The d o m a s h  angle at  the rear ro tor  due to -the lift of the 
cTf 

. f ront   rotor  is given by T ,  where CIQ is the thruet coeff ic ient  of 
2P 

the front  rotor. This same downwash angle is used f o r  a horizontal  
t a i l  surface placed below the rear r o t o r  t o  provide engle-of-attack 
s tabi l i ty .   (This  assumption -lies that the t a i l  surface i s  not 
affected by downwash from the rear rotor.) 

( 5 )  The rem rotor  produces no upwash at  the front   rotor .  

( 6 )  Changes i n  the individual  rotor angle-of-attack instabilities 
due to the 83 hinges .%.re small enough to be neglected. 

(7) Changes in coning angle due to normal-acceleration changes on 
the blades are small enough t o  be neglected. 

Consider a t a n d e m  helicopter fn forward fllght subjected to an 
increase in angle of at tack. Because of the change fn inflow thro-agh 
the rotors,  there fs an increase i n  thrust  and, hence, an increase i n  
coning  angle on both  rotors. By using a 83 angle on the front-rotor 
flapping hinges, thls increased coning angle can be  used t o  reduce  col- 
lect ive  pi tch  of  the f ron t  ro tor   suf f ic ien t ly  to reduce i ts  thrust 
increase below that of the rear rotor, thus  producing a stable,  nose- 
down moment. Some additional  stable  pitching mments could be obteined 
by putting some negative 83 on the rear ro tor .  
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If the two rotars  are the same s ize ,  have the same sol idi ty ,  and 
are run a t  the same t i p  speed, their l i f t  sloped are proportional-to 

7q. The change. i n  due t o  a 63 hinge the derivative 
a c  0 a c  a 

can be computed a s  follows : 

where - = -tan 63 and the second term i n  the bracket takes  account 

of the  fact   that   a  reduction  in 8 reduces the increase i n  a0. 
Combining equations (1) and (8) of reference 11 (omitting the blade 
twist and rotor weight terns) gives 

de 
aa, 

7 

where the symbole t 
reference 11. Dffferentiating  equation (2) gives 

1,l and %l,2 represent  tabulated coneta,nts in 

and 
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de From equatlon ( 1) c8n be found as follows : 

Theref  ore 

A 

The equivalent additional horizontal-tail-surface area required to 
produce  the sane change in angle-of-attack s tab i l i ty  as this amount of 83 
on the  front  rotor can be computed by equating the moments produced per 
radian change in.angle of attack a8 follows: 
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The second term in the first brace takes account of  the downwash 
change a t  the ta i l  surface. The second term i n  the second  brace takes 
account  of the  reduction  in downwash change a t  the rear rotor when the 
l i f t  slope of the front   rotor  is reduced.  Therefore 

Faamination of equations (7) and (8) reveals, as would be expected, 
that the more 63 used in the front  rotor,  the greater the increase in 
angle-of-attack  stability  attained. However, there are pract ical  l i m i -  
t a t ions   to  the amount of 63 that can be used. Excessive 83 may 
result in  "mushiness" and excessive  rotor-speed  variations  during pull-  
ups o r  turns. As shown in section 13 of reference 12, excessive 83 
may also result in insufficient damping in r o l l  in hovering. 

A reasonable, value of- 63 to use may be deduced from the following 
consideration. A particular  single-rotor machine currently in use has 
a 83 angle  of 23O in gutorotation m d  is considered  by  the p i lo t s  t o  
be satisfactory (tan 23 = 0.42) . It seems logical  therefore that, 

inasmuch as - dB depends upon the tangent of the 63 angle, a tandem- 
rotor  machine could tolerate a 63 angle of a t  least 40' (tan 40" = 0.84) 
on one rotor  without  encountering  excessive mushiness or rotor-speed 
variation during pull-ups  or turns in  autorotation. Assuming a typical 
blade drag  angle of 5' results in  a typical  value  of 63 of 35' 
(tan 35'. = 0.7) , inasmuch a8 the normal hub conffguration is such as t o  
cause the blade drag angle t o  reduce the amount of 63. Calculations 
indicate tha t  this  value  of 63 would not  cause any appreciable 
increase  in  control  sensitivity in r o l l   i n  hovering. This value of 83 
in the  front  rotor w i l l  be used i n  the sample calculations  that follow. 
It should be pointed  out  here  that some small amount of  negative 83, 
about 50r is  probably  tolerable on the rear rotor without  reducing 
flapping  stability  appreciably. In turn, an additional 5O of 63 may 
then be tolerable on the front  rotor from mushbess  and  rotor-speed- 
variation  considerations. 

h 0  

I 
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For  the test helicopter, a = 0.052 and 7 = 10.4. Thus, 

assuming 83 =- 35O on the front  rotor,  (2) = 3.5, and p = 0.30, 

using the tabulated values of reference 11 an2 the charts of 
reference 8, equations (7) and (8) give 

and 

" At 0.0304 
2XR2 - 

For the test  helicopter, 2xR2 = 2639. Thus ' e 

A t  = 0.0304 X 2639 = m.2 square f e e t  

Thus, for the test helicopter at  p = 0.30, a S3 angle of 35' in 
the front  rotor  provides  approximately  as much angle-of-attack s t a b i l i t y  
as 80 square feet of  tail-surface area. Additional  calculations  indicate 
that a t  lover  speeds, the tail-surface equivalent is even more than 
80 square feet. 

Two other aspects involved in the use  of the d i f f e ren t i a l  83 
configuration are as follows: Inasmuch as a 63 hinge also causes 
cyclic  feathering due to cyclic  flapping, it i s  probably  necessary t o  
ro ta te  somewhat in the direction of rotat ion the posit ions of maximum 
longitudinal and lateral cyclic  pitch of the front   rotor .  The single- 
rotor  helicopter  previously referred t o  RS having a 83 angle  of 2 3 O  
in  autorotation has a rotat ion of the maxFmum cyclic-pitch  position 
that averages  approximately  one-half the 63 angle f o r  all power condi- 
t ions,  which apparently i s  satisfactory.  From examination of the prob- 
l e m ,  the exact amount of rotation does not  appear to be c r i t i c a l  so tha t  
a cut-and-try method using this mlue of one-half f o r  a f irst  guess 
appears to be a prac t ica l  approach t o  t h e   d e t e d n a t i o n  of the  proper 
value. 

It w i l l  probably also be necessary  to  increase and shift upward 
the collective-pitch  range of the  f ront  rotor. Calculations  indicate 
approximately a 23-percent  increase in range and a 2' upward shift. of 
the lower  end of the range t o  be desirable fo r  a 53 sngle of 35O. A 
cut-and-try method s t a r t i ng  w i t h  these values  appears t o  be a prac t ica l  
approach to determine the optimum values of range  increase and upward 
shift  also. 
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Figure 1.- Test helicopter.  
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Figure 2.- Time history of pull-up maneuver for tandem helicopter at 
flight  condition A. . K j G & i j 7  

- *  

b 



5 

. 

NACA RM LS-a 

R e a r w a r d  

L o n g i t u d i n a l  
St ick  

M o t i o n  

f r o m  t r i m ,  
i n .  

F o r w a r d  

4 

2 

0 

2 

4 

P i t c h  i n q  

v e l o c i t y ,  
d e g / s e c  

. 
0 

N o s e  down I O  

N o r m a l  
acce lerat ion,  

9 

1.5 

1.0 

.5 

0 2 4 6 8 

T i m e ,  s e c  

Figure 3 .  - Tfme history of pull-up maLLeUVer fo r  t a n d e m  helicopter at 
f l i gh t  condition B. 
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Figure 4.- Time h i s to ry  of pull-up maneuver for tandem  helicopter a t  
f l ight  condition C. -597 
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Figure 5.- Time history of pull-up maneuver for a single-rotor helicopter 
of reference 2. 
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